Recent studies by Dorshkind, Yoder, and colleagues show that embryonic (E9) B-cell progenitors located in the yolk sac and intraembryonic hemogenic endothelium before the initiation of circulation give rise to B-1 and marginal zone B cells but do not give rise to B-2 cells. In studies here, we confirm and extend these findings by showing that distinct progenitors for B-1 and B-2 cells are present in the adult spleen. Furthermore, we show that the splenic B-cell progenitor population (lin -CD19
Recent studies by Dorshkind, Yoder, and colleagues show that embryonic (E9) B-cell progenitors located in the yolk sac and intraembryonic hemogenic endothelium before the initiation of circulation give rise to B-1 and marginal zone B cells but do not give rise to B-2 cells. In studies here, we confirm and extend these findings by showing that distinct progenitors for B-1 and B-2 cells are present in the adult spleen. Furthermore, we show that the splenic B-cell progenitor population (lin A fter many years of smoke but no clear fire, Dorshkind, Yoder, and colleagues (1) finally identified embryonic (E9) B-cell progenitors that give rise to B-1 and marginal zone (MZ) B cells in adoptive recipients, but do not give rise to B-2 cells. Located in the yolk sac and intraembryonic hemogenic endothelium before the initiation of circulation, these B-1 and MZ B progenitors predate the emergence of the well-known B-cell progenitors in the fetal liver, which collectively give rise to B-1, B-2, and MZ B cells (1) (2) (3) . The fetal liver B-cell progenitors are detectable in the fetus from day 13 onwards. These progenitors start to give rise to mature IgM-bearing B cells shortly before birth and collectively continue to populate the B-cell compartments during neonatal life and beyond.
Many years ago, differences that we and others detected in the phenotypic, functional, and developmental pathways associated with B-1 and B-2 cells led us to propose that these cells belong to distinct developmental lineages (2, 3) . For example, during the neonatal period, the progenitors that give rise to B-1 and MZ B cells largely settle in the spleen, where they generate substantial numbers of B-1 cells until the animals are weaned. B-2 progenitors are also detectable in neonatal spleen. However, the B-2 progenitors rise to predominance in adult bone marrow (BM), where they continue to churn out B-2 cells for the life of the animal. In contrast, B-1 cells largely inhabit the peritoneal and pleural cavities and largely persist by self-replenishment throughout adult life (4) .
Consistent with this developmental pattern, when adult BM and fetal liver from allotype congenic donors are transferred together to lethally irradiated recipients, the fetal liver readily restores both B-1 and B-2 cells in the recipient (2, 3) . In contrast, adult BM completely restores B-2 cells but gives rise to only a few (∼5%) B-1 cells (2, 5, 6) . These findings, which provided some of the earliest evidence of lineage distinctions between B-1 and B-2 cells, also showed that some B-1 progenitors persist in adults. However, discussions of whether the BM-derived B-1 cells arose from independent progenitors or from developmental diversion of B-2 cells pushed the entire issue into the realm of experts, from whence it has only now been rescued by the recognition of distinct embryonic progenitors for B-1 and B-2 (1) and of a small subset of phenotypically distinct B-1 progenitors in adult BM (7) (8) (9) .
Our studies here concern the related issue of whether the spleen retains its neonatal potential for regenerating lymphoid and other adult lineages. Surprisingly, despite the long history of using spleen cells to rescue lethally irradiated animals (10, 11), current thinking commonly relegates B-cell and other hematopoetic progenitors to BM. In essence, the spleen seems to have come to be viewed only as a secondary lymphoid organ (and as a clearance site for blood-borne pathogens and senescent erythrocytes). However, as we show here, the spleen in adult animals is a hearty source of hematopoetic progenitors, including those that give rise to B cells. These B-cell progenitors are subdivided between phenotypically distinct progenitors, only one of which give rise to B-1, but not B-2 when sorted and transferred into RAG1 −/− recipients. We show that the B-1 progenitors in adult spleen are very similar to the B-1 progenitors in neonatal spleen. However, although the progenitors in adults are largely quiescent, the progenitors in neonates actively generate B-1 cells. Thus, a proportion of the neonatal B-1 progenitors show markers of developmental progression, whereas these markers are not detectable on the adult progenitor population unless the donor has been stimulated with LPS 3 to 4 d previously.
In addition to confirming the developmental lineage distinctions between B-1 and B-2, the findings we present demonstrate that B-1 cells persist mostly by self-replenishment but that the animal maintains a reservoir of progenitors committed to B-1 development that can be called upon under stress to enlarge or replenish the B-1 population. We discuss these findings in relation to our recent studies characterizing memory responses and early development in B-1 cells (12) and to the overall importance of the B-1 system for protection against infection and for responsiveness to vaccination.
Results
Adult Lineage-Negative Spleen Cells Contain Independent Progenitors for B-1 and B-2 Cells. During murine fetal life, hematopoiesis occurs mainly in liver and spleen. After birth, B-cell development (mainly B-1) continues in the spleen until weaning, when BM (which mainly generates B-2 cells) takes over the task (3) . In adults, the B-2 population is maintained by de novo development of B-2 cells, whereas the B-1 population is largely, if not completely, maintained by self-renewal (4 −/− recipients (Fig. 1) . In contrast, transfer of FACS-sorted lineage-negative (lin
cells from the spleen demonstrate that the adult spleen contains progenitors capable of reconstituting both B-1 or B-2 cells by 4 to 6 wk after transfer (Fig. 1 ).
CD19 and B220 expression further subdivide the lin -cells and distinguish the splenic B-1 from B-2 progenitors ( Fig. 2A) ) from the adult spleen reconstitute typical PerC B-1a and B-1b populations 4 wk after intravenous transfer into sublethally irradiated RAG −/− recipients. In about one-third of our transfer experiments, the B-1 progenitor population from spleen also gave rise to splenic B cells expressing the MZ phenotype (B220 hi /CD21 hi /CD23 − ) (Fig. S2 ). More often, the B-1 progenitor population from spleen gives rise to a small number of Ig -/CD19 -/CD5 hi cells, whose phenotype suggests that they are T cells (Fig. S2) that perhaps belong to a specialized subset. However, we reiterate that this progenitor population did not give rise to any B cells expressing the follicular B-2 phenotype in any of the recipients in any of our transfer studies (Fig. 2) .
Interestingly, B-1 cells, some T cells, and cells expressing the MZ B phenotype are found in adult IL-7 −/− mice, which lack all other B and T cells (Fig. S2) . Because lymphoid development terminates just shortly after birth in IL-7 −/− animals (14), these findings support the idea that the developmental potential of the splenic progenitors in intact mice reflects the developmental potential of progenitors active during early lymphoid development. −/− recipients. However, these B-1 progenitors (GFP + ) fail to develop when transferred either to intact or sublethally irradiated BALB/c recipients (Fig. S3) (Fig. S3) . Thus, the presence of mature PerC B-1 hampers the de novo maturation of splenic B-1 progenitors into mature PerC B-1. This finding is consistent with long-standing lore indicating that transfers of BM to lethally irradiated recipients tend to yield somewhat higher frequencies of B-1 cells when transferred alone, as opposed to being cotransferred with (allotype-congenic) mature PerC B-1.
In Vivo Inflammatory Stimuli Induce Expansion and Activation of Adult Splenic B-1 Progenitors. Treating wild-type mice with 15 μg of LPS intravenously strikingly enriches B-1 progenitors in spleen 3 to 4 d after stimulation (Fig. 4) . Strikingly, stimulation with this TLR4 agonist actually increases both the absolute number and the frequency of the progenitors (Figs. 4 and 5B) . Thus, this well-known stimulatory treatment, which induces PerC B-1 migration and differentiation to plasma cells (14) , has an even more intense effect on B-1 progenitors in that it selectively increases the frequency of these progenitors relative to the increase in spleen size.
Surprisingly, a high proportion (30-40%) of the B-1 progenitors in LPS-stimulated spleen gain a unique phenotype characterized by the coexpression c-Kit, Sca-1, and IL-7R, along with high levels of CD19 and low levels of B220 (Fig. 4 and Table 1 ). The newly expressed markers are well-known on hematopoietic progenitors but are not previously known to be expressed on CD19 hi cells (15) . The expression of IL-7R in the B-1 development pathway would appear to contradict evidence showing that adult IL-7 −/− mice have both B-1 and MZ B cells (16) . However, we show here that at least a third of the splenic B-1 progenitors do not express IL-7R, even after LPS stimulation (Fig. 4) . These findings suggest that the population of B-1 progenitors in spleen in wild-type animals is (Fig. 5) , suggesting that this phenotype may reflect the presence of cells at early stages of differentiation both in the neonate and the LPS-stimulated spleen.
Discussion
In earlier studies, Dorshkind and colleagues (7) reported that a rare lin -/CD19 + /B220 lo/-subset isolated from adult BM reconstitutes B-1 cells but does not reconstitute B-2 cells. Recently, Dorshkind, Yoder, and colleagues (1) showed that progenitors in very early (E9) mouse embryos give rise to both B-1 and MZ B cells but not to B-2 cells. Together, these studies confirm the once controversial hypothesis that B-1 and B-2 belong to distinct developmental lineages (17, 18) . Here, we independently confirm this hypothesis by showing that adult spleen contains phenotypically distinct progenitors that individually give rise to B-1 or B-2 cells when transferred to RAG1 −/− recipients that lack all native B and T cells.
Currently, progenitors capable of repopulating B-1 cells in transfer recipients are not commonly thought to be present in adult spleen. However, a wide variety of earlier (10, 11) and recent (13) studies demonstrate clearly that spleen can reconstitute T and B cells in lethally irradiated recipients. Here, we show that lin -cells sorted from the spleen give rise to both B-1 and B-2 cells in RAG1 −/− mice (sublethally irradiated) and that CD19 + /B220 lo/-progenitors sorted from this lin -population readily give rise to B-1 but not B-2 cells (Figs. 2 and 3) . We have not further characterized the lin -progenitors that give rise to B-2. However, our findings demonstrate clearly that these are independent of the lin 
/CD19
+ /B220 lo/-progenitor population is heterogeneous and that the splenic progenitors for MZ B are actually distinct from the progenitors for B-1.
Consistent with this idea, we also observe some T-cell reconstitution in up to half of the recipients of the sorted lin -/ CD19 + /B220 lo/- (Fig. S2) . We suspect that these T cells, which are detectable (when present) in both recipient spleen and PerC, may be primitive (γδ) T cells comparable those demonstrated by Ikuta and Weissman (19) in the first wave of T-cell development. If so, then the lin -/CD19 + /B220 lo/-progenitors isolated from the adult spleen may either be heterogeneous or contain a common progenitor capable of giving rise to B-1, MZ B, and some T cells. In either case, our data suggest that these splenic progenitors are lineally related to very early hematopoietic progenitors that give rise to primitive lymphocyte subsets during fetal life.
The unique phenotype expressed by B-1 progenitors reveals the existence of distinct developmental pathways for B-1 and B-2 lymphopoiesis. In the B-1 pathway, CD19 is expressed before B220 and CD43, whereas in the B-2 pathway, CD19 is expressed after B220 and CD43. Thus, the Hardy factions that define the ordered early development of B cells in the BM are applicable to early B-2 development (15) and must be modified to accommodate the early B-1 development pathway. The c-Kit expression also distinguished the two development pathways (Fig. 7) . During B-2 development, c-Kit is highly expressed on hematopoietic stem cells, still clearly expressed on common lymphoid progenitors, expressed at very low levels in Hardy Fr. A, and is lost when CD19 turns on in Fr. B (15) . In contrast, c-Kit is coexpressed with CD19 during the early stages of B-1 development, which occur in the neonate but not in the adult spleen unless spleens are taken from animals 3 to 4 d after LPS stimulation (Figs. 4 and 5) . In this case, c-Kit is coexpressed with CD19, IL-7R, and Sca-1 (Fig. 4) , suggesting that appropriate stimulation can trigger B-1 progenitors to initiate development in adult spleen along a pathway similar to the B-1 development pathway in neonates. + /B220 lo/-B-1 progenitors were analyzed for the expression of several surface markers. Values described (+ or −) are based on the expression level of the median of fluorescence intensity (MFI). The value for the expression of each surface marker was obtained by subtracting the MFI of the full-stained cells from the MFI of fluorescence minus one (FMO) control (22) . Cells that expressed MFI for a given marker similar or equal to FMO were considered negative. Data shown are representative of more than three experiments. The idea that the B-1 progenitors in spleen may be held largely in a quiescent state during adult life, when the B-1 repertoire is typically maintained by self-renewal, is consistent with data presented here showing that splenic B-1 progenitors that develop de novo into mature B-1 cells in RAG1 −/− recipients fail to initiate B-1 development in intact recipients (Fig. S3) . However, as we have also shown, inflammatory signals (e.g., LPS stimulation) dramatically increase the frequency and absolute numbers of splenic B-1 progenitors and activate these to develop along the B-1 pathway (lin
hi /B220
lo/− /c-Kit + ) (Figs. 4 and 5) . Therefore, the degree of quiescence of B-1 progenitors in adult animals may largely be expected to be a function of the immunogenic environment in which the animal is maintained.
Because the spleen is important to patrol the blood for bloodborne pathogens, it should not be surprising that certain antigens specifically trigger the differentiation of mature B-1 cells to antibody-producing plasma cells in spleen (14) . However, more ground-breaking studies with this antigen now show that it triggers the development of antigen-specific B-1 memory cells that develop in the spleen, migrate to PerC, and persist indefinitely there until rechallenge in the context of a Toll-like receptor (TLR)-4 stimulations brings them back to develop into antibodyproducing cells in the spleen (12, 19) . Recent studies by Carsetti and colleagues (20) demonstrate that a Hoechst-excluding "side population" that can be sorted from the spleen contains B-1 progenitors that restore mucosal IgA production and, hence, provide key protection against gut infections. Studies presented here introduce a robust phenotype for these progenitors and distinguished them from B-2 progenitors in the spleen. In addition, our studies indicate that encounters with TLR-stimulating organisms induces quiescent B-1 progenitors in the adult spleen to differentiate to mature B-1 cells, and thus replenish the available pool of B-1 cells ready to develop into B-1 memory and plasma cells at the next pathogen encounter.
Overall, the studies we have presented demonstrate clearly that the adult spleen retains its fetal lymphopoiesis potential and contains B-cell progenitors that can collectively give rise to both B-1 and B-2 cells in RAG1 −/− recipients. We have isolated the progenitors that give rise to B-1 cells from those that give rise to B-2 cells, and shown that they, or coisolated cells, can give rise in some recipients to B cells expressing the MZ phenotype and to some T cells. These findings suggest an early schism that divided the lymphoid development pathway, leading to B-1 development from that leading to B-2 cell development. As such, they support the idea that the mammalian immune system evolved in progressive layers that continue to contribute to immune function, albeit in modified form that accommodates the more sophisticated immune functions provided by more highly evolved layers (21) . washing, stained cells were resuspended in 10 μg/mL propidium iodide (PI), to exclude dead (i.e., PI − cells). Cells were analyzed and sorted on Stanford FACS facility instruments (Becton Dickinson LSRII or FACSAria). Data were collected for 0.2 to 1 × 10 6 cells. Staining protocols were designed with CytoGenie software (WoodSideLogic); data were analyzed with FlowJo software (TreeStar). To distinguish autofluorescent cells from cells expressing low levels of individual surface markers, we established upper thresholds for autofluorescence by staining samples with fluorescence-minus-one (FMO) control stain sets in which a reagent for a channel of interest is omitted (22) .
Materials and Methods
Cell Transfer. Spleens from BALB/c or CB.17 (GFP + ) were harvested and stained as described. In sorting procedures, unless otherwise specified, cells were FACS-sorted to first exclude dead cells, T cells, and myeloid cells (i.e., PI
). The remaining cells were then further gated and FACSsorted to purify specified cell populations. Purity among each sorted population constitutes >95%, as determined by a parallel full-stained population and reanalysis after sort. PBS buffer containing 0. −/− or BALB/c recipients. After 4 to 6 wk, total PerC and spleen cells from recipient mice were harvested, stained, and analyzed as described.
